Plant glandular trichomes exude secondary metabolites with defensive functions, but these epidermal protuberances are surprisingly the first meal of Lepidopteran herbivores on Nicotiana attenuata. O-acyl sugars, the most abundant metabolite of glandular trichomes, impart a distinct volatile profile to the body and frass of larvae that feed on them. The headspace composition of Manduca sexta larvae is dominated by the branched chain aliphatic acids hydrolyzed from ingested O-acyl sugars, which waxes and wanes rapidly with trichome ingestion. In native habitats a ground-hunting predator, the omnivorous ant Pogonomyrmex rugosus, but not the big-eyed bug Geocoris spp., use these volatile aliphatic acids to locate their prey.
Given the established defensive value of trichomes and their chemistry, we were surprised to observe that these trichomes and their exudates were the first feeding choices of both generalist (Spodoptera littoralis and S. exigua) and specialist (M. sexta) Lepidopteran herbivores on N. attenuata (Fig. 1C, Fig. S2A , and Movie S1). More than 70% of all larvae chose to feed on trichomes for their first meal after hatching. Moreover, larvae did not suffer from this choice. When placed on N. attenuata sepals, which are entirely covered in glandular trichomes, larvae feeding on sepals survived and grew as well as larvae fed on previously washed and AS-free wild-type (WT) sepals as well as sepals from plants transformed to silence nicotine production ( Fig. S2 C and D) . Observations of neonate M. quinquemaculata and S. littoralis feeding behavior on native N. attenuata growing in natural habitats in Utah confirmed these laboratory observations and led us to conclude that trichomes and their exudates, rather than being directly defensive, provide a sugary first meal for these Lepidopteran herbivores. Interestingly, trichome feeding has been reported for other Lepidopteran species and may be common (4, 17) .
Ingestion of O-Acyl Sugars Dramatically Alters M. sexta Body
Headspace. Although the ingestion of trichomes and their AS contents may not be directly deleterious for larvae, it dramatically alters larval body and frass volatile profiles. Trapping and GC-MS analysis of the headspace surrounding larvae that had fed on N. attenuata leaves and trichomes revealed that four branched chain aliphatic acids (BCAA), namely 2-methyl butanoic acid (I), 3-methyl butanoic acid (II), 3-methyl pentanoic acid (III), and 4-methyl pentanoic acid (IV) were the most abundant constituents ( Fig. 1 B and D) . These 4 BCAAs found in larval body headspace are exactly those found from an alkaline hydrolysis of N. attenuata AS (Fig. S3) , and we hypothesized that BCAAs in the larval headspace originate from AS hydrolysis in the alkaline midgets (18) of these larvae. AS are readily removed by washing leaves with water and do not occur in a species of Nicotiana that lacks trichomes, N. glauca (Fig. S4A) . When fed on water-washed N. attenuata or N. glauca leaves, larvae lose their characteristic body or frass volatile profile. Similarly, when fed on an artificial diet amended with AS from N. attenuata leaves, larvae produce a body headspace similar to that of larvae feeding on WT plants ( Fig. 2 A and B) . The effect of AS ingestion on larval body headspace rapidly waxes and wanes with diet; when switched from the AS-free N. glauca to N. attenuata diets, larvae rapidly emit the characteristic BCAAs, and these volatile acids disappear again when larvae are returned to AS-free N. glauca leaves (Fig.  2C) . We conclude that consuming AS from trichomes has a similar effect for larvae as the consumption of asparagus has for humans: It conveys a strongly dynamic and distinct olfactory signature to bodies and excretions. Although only a potential social annoyance for humans, these emissions, which approach 5 μg of single BCAAs from larval bodies and 30 μg from frass over 2 h (Fig. 2) , may have more serious consequences for a caterpillar.
The natural enemies of caterpillars are known to use fecal odors to locate their prey. For example, parasitic wasps can learn to associate frass volatiles with prey location under laboratory Author contributions: A.W. and I.T.B. designed research, performed research, analyzed data, and wrote the paper.
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conditions (19, 20) , and many insects have developed sophisticated means of distancing themselves from their potentially traitorous excrements. The larvae of the silver-spotted skipper (Epargyreus clarus), a shelter-building insect, for example, goes to lengths to remove its frass from its hideouts to avoid detection by predators (21) . Plants have exploited the proclivity of carnivorous insects to use plant volatiles to locate their prey and have evolved means of amplifying and modifying these emissions in response to herbivore attack to provide reliable information about the location of herbivorous prey to hunting carnivores (22) .
Hemipteran Predator Geocoris spp. Is Not Attracted by Larval Body
Headspace. Herbivory-induced plant volatiles released from N. attenuata plants have been shown to attract and optimize the foraging behavior of Geocoris hemipteran predators in nature (23, 24) , and we hypothesized that this predator might also use the volatile BCAAs released from AS-feeding larvae. Because the release of BCAAs occurs rapidly from AS-feeding larvae (Fig. 2C) , we imagined that the BCAAs might complement the rapid isomerization of green leaf volatiles (GLVs) that is elicited by M. sexta oral secretions to provide Geocoris predators with rapid and spatially explicit information about the whereabouts of their prey on plants (23) . This however, was not the case. Although the native Geocoris predators at our field station in Utah responded to the perfuming of plants with GLV blends produced by M. sextaattacked plants in an egg predation assay, they did not respond to perfuming with either BCAA III or a mixture of four BCAAs in amounts equivalent to that released from frass ( Fig. S5 and Table  S1 ). However, when early instar larvae were perfumed with BCAAs in either lanolin pastes or water sprays, perfumed larvae tended to be preyed on more frequently than control larvae reared on AS-free N. glauca leaves. These larvae were placed on D. wrightii plants that differ from N. attenuata in AS composition, on AS-free plants (N. glauca), and on N. attenuata plants transformed to silence their ability to release herbivore-induced volatiles (irlox2/ 3) (Fig. S6) . Although none of the differences in predation rates were statistically significant (lanolin paste: χ 2 = 3.2, P = 0.073; χ 2 = 2.57, P = 0.109; spray: χ 2 = 2.67, P = 0.102), the tendency toward higher predation rates of perfumed larvae motivated us to examine the responses of other ground-hunting predators. Mean ± SE of BCAA III (3-methyl pentanoic acid) from M. sexta body headspace from larvae feeding sequentially on AS-free N. glauca, AScontaining N. attenuata, and AS-free N. glauca. Inset shows mean ± SE of BCAA III released from larvae reared on AS-free N. glauca and switched to AS-containing N. attenuata leaves at time 0.
associate BCAAs from M. sexta larvae or frass with the presence of larvae on a plant. To determine which of the many different ant species that occur in N. attenuata's native habitat might respond to larval BCAAs, we scented cooked rice grains with frass quantities of the BCAA mixture, and counted the number of scented and unscented rice grains removed in 15 min from each of 24 nests. With this rice pickup assay, we identified five BCAAresponsive ant nests (Fig. S7E, colony A-E) that all belonged to the same species: P. rugosus, the rough harvester ant.
P. rugosus is a seed-harvesting ant that is also known to be an opportunistic predator of cicadas during outbreaks of this prey species (26) . P. rugosus were occasionally observed climbing elongated N. attenuata plants in the field and carrying cutworm larvae back to their nests. They were also found to readily climb 20-cm wooden sticks to retrieve M. sexta larvae from pieces of leaves affixed to the top (Fig. S7A) . To exclude the possibility that the ants climbed the sticks in response to visual cues from the caterpillars at the top of the sticks, we conducted trials without larvae or leaves and placed ≈3 cm 3 of either oven dried, and hence BCAA free, M. sexta frass or fresh frass from M. sexta larvae-fed N. attenuata leaves at the base of the sticks. Ants showed a strong preference to climb sticks with fresh, BCAA redolent frass, at the base compared with sticks with oven-dried frass at their base (Fig. S7F) .
BCAA are rapidly volatilized from frass excreted by the larvae, particularly when it falls onto the hot desert soil from larvae that commonly feed on the undersides of leaves, as Manduca larvae tend to do. To determine how long BCAAs would be retained in the headspace, we measured the recovery of the BCAA mixture from a 45°C surface (Fig. S8A) . Frass quantities of aqueous BCAA mixtures were found to completely dissipate within 15 min. We monitored the tendencies of P. rugosus ants from one nest to climb sticks scented at their base either with a BCAA mixture or a detergent control. At both morning and evening activity periods of the ants, 73-82% of all ants that climbed sticks within 15 min of treatment, climbed sticks that were scented at their base with BCAAs ( Fig. S7 G and H) .
To determine the consistency of P. rugosus responses to BCAA from different nests, we repeated the assay with five nests that differed in their proximity to Manduca-infested N. attenuata and D. wrightii plants (Fig. 3) . The AS of D. wrightii trichomes include sucrose esterified with hexanoic acid (H) and Manduca larvae that feed on Datura leaves have body and frass volatile profiles that are dominated by H (Fig. S8B) . We conducted two sequential tests of each of the five colonies: with the BCAA mixture characteristic of the ingestion of N. attenuata AS followed by a test of the same BCAA mixture amended with H. Colonies A-C were located in an area with Manduca-infested N. attenuata and D. wrightii plants, and in both trials, ants from two of three colonies significantly preferred to climb sticks scented with BCAA or BCAA+H. Colony D, which likely only foraged within N. attenuata plants, showed a strong response to the BCAA treatment, but responded less strongly when H was added to the mixture. In contrast, colony D, which foraged in an area in which only D. wrightii plants grew, did not respond to the BCAA treatment, but responded strongly to the BCAA+H treatment (Fig. 3) . These results demonstrate that P. rugosus foragers respond strongly to BCAA from larval and frass volatile emissions and may even adjust their responsiveness to the particular BCAA produced by locally available prey. Ants are known to use cuticular hydrocarbons (27, 28) and aliphatic acids, albeit with different chain lengths and structures, in nest mate recognition. To our knowledge, there is only one report of a free carboxylic acid that acts as a ant trail pheromone, namely nerolic acid, found in the hindgut of Camponotus floridanus (29) . P. rugosus might learn to associate prey availability with BCAAs, but this hypothesis will require additional work to place on solid experimental footing.
Trichomes Function as "Dangerous Lollipops." Despite their welldocumented function as direct defenses in other Solanaceous plants, the trichome-associated AS of N. attenuata combine aspects of nutritional-and information-based indirect resistance traits. These abundant trichome exudates do not directly defend the plant against attack by M. sexta larvae but rather are the first feeding choice of neonate larvae. As an exuded sugar-rich compound, AS have similarities with the production of extra floral nectars (EFNs) that function as indirect defenses by providing nutritional rewards for carnivorous insects (30) . In contrast to EFNs, however, AS function as a dangerous lollipop that tags caterpillars with a distinctive odor that complements the information-based indirect defenses of plants that provide spatially and temporally explicit information about the location of feeding larvae to predators. To determine whether AS increase plant fitness and, thereby, can be justifiably considered an indirect "defense" will require the engineering of plants that do not esterify aliphatic acids to their trichome-sugar exudates, a potentially manageable task given the recent advances in our molecular understanding of acyl sugar biosynthesis (11).
Materials and Methods
Plant Material and Insect Rearing. We used an isogenic line, obtained after 30 generations of inbreeding, of N. attenuata Torr. ex Watson derived from field-collected seeds. Seeds of N. glauca also originated from a field collection from the campus of the University of California, Davis. Additionally, we used the following N. attenuata RNAi lines that have been characterized: irPMT (31) and irLOX2/3 (32, 33) . irPMT plants are impaired in nicotine production because of silencing in the putrescine-methyltransferase (PMT) activity. irLOX2/3 plants are silenced in both LOX2 and LOX3 and have dramatically lower levels of GLVs (LOX2) (32) and of the signaling molecule, JA, and its conjugates (LOX3) (32, 33) . Seed germination was performed as described in Krügel et al. (34) . All plants were grown in the glasshouse in 1-L individual pots at 26-28°C under 16 h of light supplied by Philips Sun-T Agro 400-or 600-W sodium lights. Artificial diet for feeding experiments was prepared according to Waldbauer et al. (35) . M. sexta larvae were derived from an in-house colony. Larvae of S. littoralis and S. exigua (Lepidoptera, Noctuidae) were supplied as egg clutches by BayerCropScience (40789). M. sexta frass was collected daily from fourth to fifth instar caterpillars feeding on either of the Nicotiana species and stored at −80°C until used for experiments.
Trichome Density Determinations. Trichome density (Fig. S1 A and B) was measured, as described by Boughton et al. (36) , by counting trichomes on the adaxial and abaxial sides of leaf discs of three different laminar positions that span the length of the leaf. Trichomes were stained with a 0.5% m/v solution of Rhodamine B in water as described in Lin and Wagner (37) , and subsequently counted under a Zeiss Stereomicroscope Discovery.V8 (Carl Zeiss). Leaf areas were calculated by using the SigmaScanPro 5 (SPSS Inc.) software, and trichome densities were calculated as the number of trichomes per leaf area.
Glasshouse Bioassays. Freshly hatched neonates of M. sexta, S. littoralis, and S. exigua were transferred to the abaxial side of freshly excised leaves of N. attenuata and observed under a Zeiss stereomicroscope SV11 (Carl Zeiss). The caterpillars were allowed to move freely, their first feeding choice within 60 s was monitored, and the first feeding choice was recorded (Fig. 1C) .
To evaluate the effects of N. attenuata O-acyl sugars on caterpillar performance, we used sepals subtending immature capsules (Fig. S2) . These tissues are characterized by their high trichome densities so that larvae cannot consume the lamina without first consuming the trichomes that cover the lamina and, hence, are ideally suited for trichome feeding assays. To dissect the roles of the trichome specific metabolites, we used N. attenuata wild-type plants and irPMT plants, which do not contain nicotine in their trichomes. Additionally, O-acyl sugars were removed from sepals by gently shaking leaves or sepals three times in 30 mL of distilled water for 10 s. Freshly hatched M. sexta larvae were placed on excised sepals or unripe seed capsules of either washed or unwashed irPMT and WT plants. Caterpillars were placed in single plastic containers with one bud and caterpillar and allowed to feed freely for 3 h. Afterward, the plant tissue was removed, larvae were starved for 18 h, and the survival rate was recorded.
O-Acyl Sugar Analysis. Rosette leaves were harvested by cutting the petiole with a scalpel, washed with 10 mL of methanol (VWR International), and spiked with 10 μg of sucrose monolaureate as an internal standard. The washing solution was filtered through paper filter (Whatman) and gently evaporated to dryness under a stream of nitrogen. Before HPLC-ToFMS analysis, the residue was resolved in 1 mL of methanol and transferred to a 2-mL LC-vial.
One-microliter aliquots of AS extract were separated by using an Agilent HPLC 1100 Series system, combined with Gemini NX C18 column (150 × 2 mm). Eluted compounds were detected by a Bruker MicroToF mass spectrometer (Bruker Daltronik) equipped with an ion spray source in positiveion mode. The instrument was operated with parameters according to Heiling et al. (38) .
The composition of the aliphatic acids moieties was studied by analysis of aliphatic acid methyl esters. The dichloromethane phase was collected, the remaining water was removed by filtering through a Pasteur pipette filled with anhydrous sodium sulfate, and 1 μL was analyzed by GCxGC-ToFMS according to Gaquerel et al. (39) . Identification was performed by comparison of spectra and retention times with those of authentic standards.
For the alkaline hydrolysis, 500 μL of KOH (0.2 M) were added to 500 μL of the methanolic extract and sealed in a vial for 24 h. The mixture was neutralized by addition of HCL (0.2 M), and the aliphatic acids were extracted and measured as described above (Fig. S3) . For additional information, see SI Materials and Methods.
M. sexta Body and Feces Headspace Analysis. An alkaloid-free mixture of N. attenuata and D. wrightii AS was extracted by following the method described in ref. 16 . A small portion was dissolved in MeOH and analyzed by HPLC-ToFMS to verify the extraction.
The alkaloid-free mixture of AS obtained from leaves of N. attenuata was dissolved in diethylether and applied to artificial diet (1 mg/g diet).
The diethlylether was allowed to evaporate, and afterward, caterpillars were allowed to feed on either AS-free or AS-containing diet. AS were removed from excised leaves of N. attenuata by gently soaking leaves in MeOH for 30 s and carefully drying them with paper tissue (Fig. S4 B  and C) .
Caterpillars of second to third instar were enclosed in two 50-mL foodquality plastic containers (Huhtamaki) containing either artificial diet (±AS) or leaf tissue (washed/unwashed N. attenuata, N. glauca, or D. wrightii). Volatile emissions from the enclosed caterpillars were trapped for 2 h. Immediately after collection, traps were eluted by spiking each with 400 ng of tetralin (Sigma Aldrich) as an internal standard and flushing the trap with 150 μL of dichloromethane into a GC vial containing a glass insert. The sample was subjected to GC-MS analysis on a Varian 3800 system (Varian) equipped with a 30-m DB-Wax column (ID 0.25 mm, df 0.25 μm; Supelco) connected to a Saturn 2000 ion trap. One microliter was injected into a 230°C injector. The flow was constant and kept at 1 mL/min throughout the following temperature gradient: 3 min at 40°C, 4°C/min until 180°C and 10°C/min until 240°C. Transfer line was maintained at 250°C and ionization was performed in EI-mode.
Field Bioassays. We choose five colonies of which two were spatially separated from the remaining three (Fig. S7E) . We placed wooden sticks near to the nest entrance but without leaflets or caterpillars attached. BCAA in water (0.05% Tween-20) or water controls were sprayed at the bases of the sticks. We used five sticks for each treatment and counted the number of climbing ants within a 15-min interval (Fig. 3) . Additionally we added hexanoic acid (H), which is the major aliphatic acid within the body odor of D. wrightii-
